Spermatogonial stem cells (SSCs) represent a unique population of germ cells with self-renewal potential. Although reactive oxygen species (ROS) are considered toxic to germ cells, we recently showed that moderate levels of ROS are required for SSC self-renewal and that Nox1 is involved in ROS generation. In this study, we showed that self-renewal factor treatment induces Nox3 to trigger SSC self-renewal. Nox3 was transiently expressed in cultured spermatogonia by FGF2 and GDNF stimulation, whereas Nox1 was expressed predominantly during the stable phase of proliferation. Nox3 inhibition by short hairpin RNA reduced cytokine-induced ROS generation and limited the proliferation of cultured spermatogonia. Although Nox3 overexpression revealed no apparent effect, depletion of Nox3 decreased the number of SSCs in both cultured spermatogonia and freshly isolated testis cells. Our results suggest that selfrenewal of SSCs is regulated by sequential activation of different Nox genes, and underscore the complexity of ROS regulation in the self-renewal division of SSCs.
INTRODUCTION
Spermatogonial stem cells (SSCs) are the only stem cells present in the germline and provide the foundation of spermatogenesis. Although their number in the testis is very low, they undergo self-renewal division and produce numerous spermatozoa [1, 2] . SSC self-renewal is driven by several cytokines, including glial cell line-derived neurotrophic factor (GDNF). Mice with GDNF overexpression (OE) contain clusters of undifferentiated spermatogonia, whereas decreased GDNF levels reduce SSC self-renewal and compromise spermatogenesis [3] . Because of their small population and the lack of an SSC-specific marker, studying SSC self-renewal machinery in vivo is very difficult, and the mechanism of SSC self-renewal has long remained an enigma. However, the advent of SSC culture techniques has created the possibility of investigating the mechanism of self-renewal in vitro [4, 5] . Addition of several cytokines, including GDNF, promotes SSC-self-renewal in vitro and produces grape-like colony formation. These cultured cells, designated germline stem (GS) cells, proliferate in a logarithmic manner and initiate spermatogenesis upon introduction into the seminiferous tubules of infertile mouse testes.
The molecular mechanism of self-renewal machinery was analyzed using GS cells. GDNF is now believed to activate HRAS via Src family kinase molecules, and cells transfected with activated HRAS undergo self-renewal without exogenous cytokines [6] . Chemical inhibition of AKT or MAP2K1, both of which are downstream molecules of HRAS, abrogate GS cell proliferation [7] [8] [9] , suggesting that they are necessary for self-renewal division. These signals upregulate Etv5 and Bcl6b expression levels [10, 11] , which work in combination with other constitutively expressed transcription factors, such as Zbtb16 and Taf4b, to drive SSC self-renewal [5] .
In our search to find additional molecules involved in SSC self-renewal, we recently found that supplementation with reactive oxygen species (ROS), inhibitors of GS cells, severely compromised their growth [12] . In contrast, whereas high concentrations of hydrogen peroxide killed GS cells, addition of modest levels of hydrogen peroxide increased GS cell proliferation, and GS cells transfected with activated Hras also showed increased ROS expression. These observations led us to study the function of Nox genes, because they are the major source of ROS [13] . Nox1 appeared to be responsible for ROS generation because Nox1 was not only strongly expressed in stably proliferating GS cells, but its depletion by short hairpin RNA (shRNA) also reduced SSC activity [12] . Depletion of other Nox genes, such as Nox2-Nox4, showed no effect. Based on these results, we analyzed Nox1 knockout (KO) mice and found that spermatogonia do not actively proliferate. Moreover, although the number of SSCs was comparable to that of wild-type mice, serial transplantation experiments revealed that the self-renewal of SSCs in Nox1 KO mice did not occur as efficiently as those from the control. Positive effects of ROS on SSC self-renewal were unexpected because ROS are generally assumed to be harmful for spermatogenesis [14] .
In this study, we analyzed the role of Nox3 in SSC selfrenewal. In 2001, Nox3 was cloned as a homolog of Cybb [15] and was predicted to encode a protein of ;65 kDa with six conserved predicted transmembrane alpha helices containing a putative heme-binding region as well as a flavoprotein homology domain. It is thought to function together with Cyba as an enzyme that produces superoxide [13] . Nox1 or Nox3 expression promotes CYBA transport to the plasma membrane, and both of the oxidases can be inhibited by mutations in the CYBA binding sites (SH3 domains) of the socalled ''Nox organizers'' (NOXO1 or NCF1) [16] . Although we found no apparent effect of Nox3 depletion in GS cells in our previous study, we observed that GS cells exhibited dynamic changes in Nox gene expression when their proliferation was stimulated by self-renewal factors following cytokine deprivation. This finding led us to examine the role of Nox3 in SSC self-renewal by functional assay.
MATERIALS AND METHODS

Animals and Cell Culture
GS cells used in the present study were derived from the transgenic mouse line C57BL/6 Tg14 (act-EGFP)OsbY01 (a gift from Dr. M. Okabe, Osaka University, Osaka, Japan), which were backcrossed onto a DBA/2 background for at least seven generations. Mice in the C57BL/6 (B6) background were also used for transfection experiments and histological analysis. GS cells were cultured as described previously using Stempro-34 (Invitrogen, Carlsbad, CA) [4] . GS cells were maintained on mouse embryonic fibroblasts (MEFs) that had been treated with mitomycin C.
Proliferation assays were performed by plating 1.0 3 10 5 cells in 12-well plates. Cells were recovered at the indicated time points. GS cells were recovered using a solution of 0.25% trypsin/1 mM EDTA. PD0325901 (3 lM) and LY294002 (33 lM; both from Selleck Chemicals, Houston, TX) were added to cells at the indicated time points. To determine cell recovery, we incubated cells (including MEFs) in a well in a trypsin/EDTA solution for 5 min, and the number of single cells per well was determined by using a hemocytometer after stopping the trypsin reaction and vigorous pipetting.
Transplantation
For transplantation, 4-week-old B6 3 DBA/2 F1 (BDF1) mice were injected peritoneally with busulfan (44 mg/kg). At least 1 mo after busulfan treatment, animals were anesthetized, and cells were transplanted into seminiferous tubules through the efferent duct [17] . Each injection filled 75% to 85% of the seminiferous tubules. The Institutional Animal Care and Use Committee of Kyoto University approved all animal experimentation protocols.
Lentivirus Infection
For Nox3 OE, mouse Nox3 cDNA (a gift from Dr. B. Bánfi, University of Iowa, Iowa City, IA) was cloned into CSII-EF-IRES2-Puro. CSII-EF-Eyfp-IRES2-Puro served as a control. All knockdown (KD) vectors are listed in Supplemental Table S1 (available online at www.biolreprod.org). A mixture of five different clones was used to produce the culture supernatant for KD experiments. For the production of lentivirus particles, 293T cells were plated at a density of 2.0 3 10 6 cells/55 cm 2 in a solution of Dulbecco modified Eagle medium/10% fetal bovine serum (FBS). The next day, the lentivirus vector and packaging plasmids in alpha-modified Eagle minimum essential medium were mixed with polyethyleneimine MAX (Polysciences, Warrington, PA) and incubated for 30 min at room temperature before being added to 293T cells. The culture medium was changed the following day, and the virus supernatant was collected at 72 and 120 h post transfection. Virus particles were concentrated by ultracentrifugation at 50 000 3 g for 2 h. The virus titer was determined by infection of 293T cells, using a Lenti-X p24 Rapid Titer kit (Clontech, Mountain View, CA) according to the manufacturer's instructions. Virus particles were transfected into cells with 10 lg/ml polybrene by centrifugation at 3000 3 g for 1 h, as described previously [18] . Viruscontaining medium was removed the following day from all GS cell transfection experiments. Multiplicities of infection were adjusted to 4.0.
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling Staining
For terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining, GS cells were incubated in phosphate-buffered saline (PBS)/0.1% Triton-X/0.1% sodium citrate for 2 min and labeled using an in situ cell death detection kit (TMR red; Roche Applied Science, Mannheim, Germany) according to the manufacturer's protocol. Cells were counterstained with Hoechst 33342 (Sigma, St. Louis, MO) and analyzed using fluorescence microscopy. Antibodies used are listed in Supplemental Table S2 (all supplemental data are available online at www.biolreprod.org).
Flow Cytometry
ROS levels were measured using 10 lM 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 DCFDA; Invitrogen), as described previously [12] . Briefly, singlecell suspensions were incubated for 30 min at 378C with 10 lM H 2 DCFDA in PBS/1% FBS. After being washed twice with PBS/1% FBS, cells were incubated for 60 min in PBS/1% FBS before analysis with FACSCalibur (BD Biosciences, Franklin Lakes, NJ) cytometry. For the analysis of cell surface markers, GS cells were incubated with allophycocyanin-conjugated antibodies (listed in Supplemental Table S2 ).
Analysis of Recipient Testes
Recipient mice were killed 6 to 8 weeks post transplantation. Donor cell colonies were counted under ultraviolet light, and donor cell clusters were defined as colonies when the entire basal surface of the tubule was occupied and were at least 0.1 mm in length.
Immunostaining
Single-cell suspensions were concentrated on glass slides by centrifugation with a Cytospin 4 unit (Thermo Electron Corp., Cheshire, U.K.). Cells were then treated with 0.1% Triton-X100 and 0.1% sodium citrate in PBS and then fixed in 4% paraformaldehyde for 1 h.
Testis were fixed in 4% paraformaldehyde for 2 h at 48C, embedded in Tissue-Tek OCT compound (Sakura Finetek, Tokyo, Japan), and processed for cryosectioning. Sections of 10-lm thickness were then prepared. Rhodaminelabeled peanut agglutinin (PNA; Vector Laboratories, Burlingame, CA) was used to detect the acrosome. Antibodies used are listed in Supplemental Table  S2 . Hoechst 33342 (Sigma) was used for counterstaining.
Gene Expression Analysis
Total RNA was isolated using TRIzol (Invitrogen). In case of GS cell cultures, cells were incubated on gelatin-coated plates for 2 h to remove MEFs before sample collection. First-strand cDNA was produced by using a Verso cDNA synthesis kit for RT-PCR (Thermo Fisher Scientific, Waltham, MA). PCR conditions were 948C for 5 min, followed by 35 cycles at 948C for 1 min, 608C for 1 min, and 728C for 1 min. For real-time PCR, StepOnePlus real-time PCR system (Applied Biosystems, Cheshire, U.K.) and FastStart Universal SYBR Green Master (Rox; Roche) were used according to the manufacturers' protocols. Transcript levels were normalized to those of Hprt. PCR conditions were 958C for 10 min, followed by 40 cycles at 958C for 15 s and 608C for 1 min. Each PCR was performed at least three times. PCR primers used are listed in Supplemental Table S3 .
Statistical Analyses
Results are means 6 SEM. Data were analyzed using Student t tests. Multiple comparison analyses were performed using ANOVA followed by Tukey honest significant difference test.
RESULTS
Nox Gene Expression During GS Proliferation
GS cell proliferation is influenced by self-renewal factors, including GDNF and FGF2. These cells form typical grape cluster-like colonies and expand by approximately 3-to 5-fold over a period of 5 days. However, the absence of self-renewal factors altered the speed of GS cell proliferation (Fig. 1, A and B). Unlike cells under stably proliferating conditions, recovery of GS cells was relatively poor following cytokine deprivation (Fig. 1C ). When cells were starved for 4 days and restimulated by GDNF and FGF2, only ;30% of the cells were recovered after 5 days compared to the control cells that had been cultured without cytokine starvation. Although grape-like colonies were present, they were smaller than those found under stably proliferating conditions. These changes in cell proliferation and colony morphology suggest that gene expression profiles are significantly different between cytokine-induced restimulation of proliferation and stable proliferation.
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To examine the expression of Nox genes in GS cells, we first examined their expression when cells were actively proliferating by using real-time PCR. Consistent with our previous study [12] , Nox1 was strongly expressed in GS cells. Nox2 was barely detectable, and Nox3 was weakly expressed; Nox4 was expressed more strongly than Nox1 (Fig. 1D) . However, when cells were cultured without FGF2 and GDNF for 4 days, Nox gene expression patterns changed dramatically (Fig. 1E) . In contrast to stably proliferating cells, Nox1, Nox2, and Nox4 were significantly upregulated by a lack of cytokines. When GDNF and FGF2 were added to stimulate proliferation, Nox1 and Nox2 expression levels were suppressed. However, only Nox3 was upregulated by cytokine treatment.
The effect of MAP2K1 and PIK3-AKT pathways on Nox gene expression was examined, as both of these pathways have been implicated in Nox gene expression [19, 20] . Real-time PCR analysis showed that inhibition of these pathways differed significantly depending on Nox genes (Fig. 1F) . Although MAP2K1 suppression by PD0325901 did not influence Nox1 and Nox2 expression, this treatment suppressed Nox3 upregulation. It weakly increased Nox4 expression. In contrast, LY294002, a PIK3 inhibitor, slightly increased Nox4 expression, 2 ) were plated and recovered 5 days after replating. Results of three experiments are shown. D) Real-time PCR analysis of Nox gene expression is shown during the stable growth phase (n ¼ 9). Results of three experiments. E) Real-time PCR analysis of Nox gene expression is shown after 4 days of cytokine deprivation followed by cytokine restimulation for 4 h (NF þ FG; n ¼ 9). Expression levels were compared with those of stably proliferating GS cells (FG) and those after 4 days of cytokine deprivation (NF). Results of three experiments are shown. F) Effects of PD0325901 and LY294002 on Nox gene expression patterns during cytokine restimulation (n ¼ 9). Cells were starved for 4 days and restimulated by cytokines. Inhibitors were added 1 h prior to cytokine restimulation. Samples were recovered 4 h after cytokine stimulation. Results of three experiments are shown. PD ¼ PD0325901; LY ¼ LY294002; FG ¼ FGF2 þ GDNF. *Statistically significant differences (P , 0.05).
Nox3 IN SPERMATOGONIA SELF-RENEWAL but inhibited expression of other Nox genes. Among the four Nox genes, Nox3 was inhibited by both pathways. These results suggest that Nox3 is positively regulated by both MAP2K1 and PIK3-AKT pathways and may be responsible for the reinitiation of proliferation by self-renewal factors.
Effect of Nox3 Gene Dosage During Stimulation of GS Proliferation
Although Nox3 depletion did not affect stably growing GS cells in our previous study [12] (Fig. 2A) . When cells were stably proliferating, transfection of Nox3 caused no apparent effect compared with those transfected with a control empty vector (Fig. 2B) . We then determined whether Nox3 OE affected cells following cytokine starvation. Cells were transfected and deprived of cytokines for 4 days, followed by supplementation of GDNF and FGF2 for 4 days. Assuming that all cells were single cells and that all cells were recovered by trypsin digestion, no significant changes in the number of cell recovery were found even after cytokine stimulation (Fig.  2C) , suggesting that Nox3 OE alone does not influence GS cell proliferation.
We next examined the effect of Nox3 depletion. GS cells were infected with a lentivirus expressing shRNA against Nox3, and cells were deprived of cytokines for 4 days (Fig.  2D) . Nox3 mRNA expression decreased by 57% at 9 days post transfection (n ¼ 11) (Fig. 2A) . Cells were then stimulated with FGF2 and GDNF and recovered 4 days after restimulation. Although Nox3 depletion did not influence stably proliferating GS cells, the same treatment caused a significant decrease in cell recovery when the cell number was determined 4 days after cytokine stimulation (Fig. 2, E and F) , and 60.2 6 0.1% and 135.8 6 0.1% of the input cells were recovered from Nox3-depleted and control cells, respectively, that had been transfected with a control shRNA (n ¼ 5). These results suggest that Nox3 is necessary but insufficient to initiate GS cell proliferation. ) were starved for 4 days, followed by cytokine restimulation for 4 days before recovery (n ¼ 5). Cell recovery from stably growing GS cells that did not undergo transfection is also shown for comparison. Results of three experiments are shown. *Statistically significant differences (P , 0.05).
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Effect of Nox3 Depletion on GS Cell Phenotype
To clarify the effect of Nox3 depletion on GS cells, TUNEL staining was performed to examine apoptosis after Nox3 KD and cells were compared with those that had been transfected with a control scrambled shRNA (Fig. 3A) . When apoptotic cells were examined after Nox3 KD, Nox3-depleted cells showed a 2.9-fold increase in TUNEL-positive cells (Fig. 3, B  and C) . In contrast, when the proliferation status was examined by MKI67 staining, Nox3-depleted cells showed a 53.4% decrease in MKI67-positive cells (Fig. 3, D and E) .
Because addition of PD0325901 or LY294002 to GS cells decreased ROS levels following cytokine stimulation of starved GS cells compared with that of control cells treated with dimethyl sulfoxide (Fig. 3F) , Nox3, whose expression was inhibited by the MAP2K1 and PIK3-AKT pathways, is likely involved in ROS generation after cytokine stimulation. Consistent with this hypothesis, GS cells that had been depleted of Nox3 showed reduced ROS expression compared with that in cells transduced with a control scrambled shRNA (Fig. 3G) . We also carried out real-time PCR and flow cytometry to analyze the phenotype. Although we did not find significant effect by flow cytometry (Fig. 3H) , real-time PCR analyses showed that Nox3 KD significantly decreased expression of Id4, Etv5, Nanos3, Neurog3, Bcl6b, Zbtb16, Cdkn1a, Ccnd2, and Ccnd3 compared with that of control vector. Expression levels of Ccnd1, Sohlh1, and Cdkn1b were upregulated significantly after Nox3 KD (Fig. 3I) . These results suggest that the reduction of ROS levels by Nox3 depletion causes apoptosis and compromises proliferation of GS cells.
Nox3 Depletion Decreases SSC Self-Renewal in GS Cells
Because the phenotypic analysis did not clearly show the effect of Nox3 KD on SSCs, we directly examined the effect of Nox3 KD on self-renewal activity by using a functional transplantation assay. Aliquots of cells were transplanted into seminiferous tubules of busulfan-treated mice to examine SSC activity (Fig. 4A) [21] . GS cells were transfected with lentivirus vectors that expressed shRNA against Nox3, and the results were compared with those of cells transfected with a control shRNA vector. When cells were recovered 4 days after transfection, 46.6% and 59.0% of the input cells were recovered from Nox3-depleted and control cells, respectively (n ¼ 4). Although cell recovery was less for Nox3-depleted cells, differences were not significant (Fig. 4B) . To assess the number of SSCs, aliquots of recovered cells were transplanted into seminiferous tubules of busulfan-treated mice. In addition, the numbers of SSCs after an additional 4 days of culture with FGF2 and GDNF were also examined. FGF2 and GDNF were added to both the control and the Nox3 KD groups following cytokine deprivation. Cell recovery proportions for Nox3- Nox3 IN SPERMATOGONIA SELF-RENEWAL depleted and control cells were 47.1% and 111.7% of that of the transfected cells, respectively (n ¼ 4), which were significantly different (Fig. 4B) . These cells were also transplanted to evaluate the increase in SSC number during cytokine stimulation.
Analysis of recipients 2 mo after transplantation showed that the numbers of colonies generated by Nox3-depleted GS cells and control cells before cytokine stimulation were not significantly different (Fig. 4, C and D) . Similarly, although Nox3-depleted cells produced a larger number of colonies when transplanted after cytokine stimulation, differences were not significant, suggesting that the concentration of SSCs was unaffected by Nox3 depletion. However, when the total number of SSCs was calculated ([cell recovery 3 concentration]), the total number of SSCs found in Nox3-depleted GS cells was 27.1% that of the control, indicating a significant difference (Fig. 4E) . Immunohistochemical analysis revealed the expression of SYCP3 in recipient testes in both Nox3-depleted and control cells, indicating the progression of meiosis (Fig. 4F) . Acrosome formation was also confirmed by rhodamine-labeled PNA staining.
Expression and Function of Nox3 Gene in Fresh Testis Cells
To clarify the role of Nox3 in vivo, we carried out immunohistological staining of testes samples from 1-, 10-, and 35-day-old mice (Fig. 5A ). Samples were also stained with an antibody against CDH1, which is a marker for SSCs. Double-immunohistochemistry showed that all CDH1-expressing cells are positive for NOX3 signal. In 1-day-old pup testes, CDH1 þ gonocytes, which are precursors of spermatogonia, expressed NOX3. NOX3 expression was also found in all of the CDH1 þ spermatogonia and along the basement membrane in 10-day-old pup testes, which contain spermatogonia and spermatocytes. In 35-day-old testes that contain all stages of germ cells, NOX3 expression was more widely expressed in the seminiferous tubule, but the signal was relatively strong along the basement membrane and all CDH1 þ undifferentiated spermatogonia expressed NOX3. These results suggested that NOX3 is expressed in CDH1-expressing gonocyte and spermatogonia, which contain SSCs.
To confirm the involvement of Nox3 in SSC self-renewal, fresh testis cells from ;7-to 10-day-old mice were analyzed because SSCs are relatively enriched in these mice due to a lack of differentiating germ cells [22] . In the first set of experiments, the impact of Nox3 OE was examined. Pup testis cells were transfected with a lentivirus expressing Nox3 cDNA. The results were compared with those infected with an empty control vector. When cells were recovered 2 days after transfection, Nox3 transfection clearly did not alter the number of cells (Fig. 5B ). The recovered cells were then transplanted into busulfan-treated mice. Analysis of the recipients at 2 mo post transplantation showed no significant effect of Nox3 OE on germ cell colony number. The number of colonies generated by cells transfected with the Nox3 OE and control vectors was 6.3 and 6.4 colonies per 10 5 transplanted cells, respectively (Fig. 5, C and D) . These results confirmed our results using GS cells and suggest that Nox3 OE does not influence SSC activity.
In the second set of experiments, the effect of Nox3 KD was examined. Dissociated pup testis cells were transfected with Nox3 shRNA or control shRNA. Although cell recovery had decreased, we were unable to detect any significant difference in cell recovery 2 days post-transfection (Fig. 5E) . However, Nox3-depleted pup testis cells and control cells produced 1.4 and 4.8 colonies per 10 5 transplanted cells, respectively, after transplantation into busulfan-treated mice (Fig. 5, F and G) , which was significantly different. Immunohistological analysis of recipient testes showed normal spermatogenesis (Fig. 5H ) and indicates that Nox3 is also involved in the self-renewal division of SSCs in both GS cells and freshly isolated testis cells.
DISCUSSION
We previously showed the importance of ROS in SSC selfrenewal [12] . Although an excessive amount of ROS is detrimental and will kill GS cells, moderate levels of ROS are required for GS cell proliferation and SSC self-renewal in vivo. Due to the apparent effect of Nox1 deficiency, we initially hypothesized that Nox1 is the only Nox family gene that is responsible for self-renewal. However, our current study suggests that Nox gene expression changes dynamically according to exogenous cytokines and that Nox3 also contributes to SSC self-renewal when cells are stimulated with cytokines.
Differences between recovery of starved cells and that of actively proliferating cells suggests that different genes are used in these processes. Changes in Nox gene expression patterns suggest that Nox1 is not involved in the initial stimulation of GS cell proliferation after starvation. The expression of Nox1 as well as that of Nox2 and Nox4 was downregulated by cytokine stimulation, which was unexpected, as we previously showed that GDNF or FGF2 stimulation increases ROS levels after cytokine deprivation [12] . Nox3 was the only upregulated gene, which raised the possibility that Nox3 is responsible for ROS generation and promotion of selfrenewal division by cytokine stimulation. Little is known about the promoter region of Nox3, which is highly restricted with respect to tissue distribution and is predominantly expressed in the ear, but the role of Nox3 in other tissues has not been well investigated [13] .
Due to the importance of the PIK3-AKT and MAP2K1 pathways in SSC self-renewal, we hypothesized that these pathways play critical roles in the regulation of Nox3 expression. As expected, inhibition of the PIK3-AKT or MAP2K1 pathway decreased Nox3 expression. However, these pathways do not necessarily stimulate Nox gene expression, as Nox1 expression was upregulated by MAP2K1 pathway inhibition, suggesting that Nox1 and Nox3 are regulated by different mechanisms. The regulation of Nox gene expression differs significantly among different cell types. Although whether the Nox3 system is constitutively active or activation-dependent has remained controversial [13] , our results provide evidence that Nox3 is similarly activated by exogenous cytokine stimulation.
Nox3 depletion can successfully inhibit ROS generation and decrease GS cell proliferation. This suggested that Nox3 is involved in SSC self-renewal via ROS generation. This result contrasts with our previous observation that depletion of Nox1, but not Nox3, can suppress actively proliferating GS cells [12] . Therefore, Nox1 and Nox3 appear to collaborate to promote self-renewal division in different phases of GS cell proliferation. Several reports have revealed the involvement of different Nox genes in the same cell type, including stem cells [23, 24] . However, the roles of different Nox genes in self-renewal are still unclear. Our results are the first to provide evidence that different Nox genes play distinct contributions to stem cell selfrenewal. They also support our previous suggestion that stimulation of self-renewal and maintenance may not be the same. Indeed, testes of Nox1 KO and wild-type mice contain comparable numbers of SSCs, but the poor self-renewal activity of Nox1-deficient SSCs became evident only after SSCs were stimulated to undergo self-renewal division by serial transplantation. We speculate that ROS generation is triggered by Nox3 and that, once ROS have accumulated, their levels are maintained by Nox1. The latter process may involve MAPK14, which was phosphorylated only when GS cells were stably proliferating [12] . This possibility must be tested in future experiments.
In contrast, Nox3 OE does not enhance GS cell proliferation. Although Nox3 OE may not have been sufficient to drive proliferation, Nox3 may be necessary but insufficient for triggering the proliferation of GS cells. This idea is consistent with a previously proposed model of Nox3 function, demonstrating that Nox3 depends on several enzymes, including Cyba, Noxa1, Ncf1, Ncf2, and Noxo1 [13.25] . In particular, Noxo1 is considered the key subunit for Nox3 activation because inactivation of Noxo1 mimics the phenotype of Nox3 mutant mice [26, 27] . Therefore, the amount of these enzymes may not have been sufficient to enhance GS cell proliferation even when Nox3 was transfected. Due to a lack of suitable antibodies for Nox3, little is known about Nox3 subcellular localization, but these previous observations suggest that the coexpression of other enzymes, such as Noxo1, dramatically enhances ROS production, and is probably necessary for ROS generation in GS cells by Nox3 OE.
Nox3 mutant mice have vestibular defects that are responsible for the head-tilt mutation [26] . These defects result in the complete congenital absence of otoconia and profound vestibular dysfunction, thereby causing a failure of the perception of balance and gravity. Another study also showed its involvement in insulin resistance [28] . In db/db mice, increased expression of Nox3 and generation of ROS were demonstrated in the liver, which was accompanied by an increased accumulation of lipids and reduced glycogen content. However, thus far, no apparent abnormalities have been reported with regard to spermatogenesis or fertility. This may not be surprising given the relatively normal phenotype of Nox1 KO mice [12] , which produce sperm and retain fertility. Moreover, only spontaneous and chemically induced mutations have been reported for Nox3, which may retain residual activity. Although relatively subtle phenotypes of spermatogenesis in these mice may be caused by the redundancy of Nox genes, we suspect that the initial formation of the SSC pool or regeneration of spermatogenesis may be somewhat delayed in Nox3 mutant mice, given its role in triggering proliferation.
Although our studies have confirmed the importance of ROS in SSC self-renewal, determining how Nox-mediated ROS generation coordinates with total cellular ROS regulation will be important. Mice with mutations in the Atm and Foxo1 genes exhibit severe defects in spermatogenesis [29, 30] , which may be caused by increased levels of ROS. Therefore, the signaling mechanism by which self-renewal factors regulate the web of oxidant and antioxidant molecules needs to be evaluated. In addition, the testis environment is hypoxic and essentially all cells within the seminiferous tubules show positive staining with pimonidazole, a chemical that detects cells experiencing an oxygen concentration less than 1.5% [31] . These results raise questions on how the oxygen level is maintained and regulated in the germline niche, in which SSCs undergo self-renewal. Because ROS can diffuse into other cells, understanding the balance is even more complicated in vivo. Thus, our understanding of ROS regulation requires analysis of not only intracellular machinery but also extracellular microenvironments, and such analysis will open up another dimension in SSC research, which could have practical implications in the prevention of infertility.
